O f the many and varied cardiovascular disorders that have been associated with cocaine ingestion, most attention has been generated by the cases of myocardial infarction temporally related to cocaine consumption, because they occur most often in patients much younger than those in whom coronary artery disease usually is manifested clinically. Moreover, more than one third of the patients who have sustained a cocaine-related myocardial infarction and subsequently have undergone either angiographic or pathological examination did not have significant coronary artery stenosis.' The pathophysiological basis for cocaine-induced myocardial infarction is not yet clear; multiple contributing mechanisms have been postulated, including adrenergic-mediated increases in myocardial oxygen demand, coronary vasospasm, endothelial dysfunction, and accelerated atherosclerosis.12 It also is possible that cocaine promotes the formation of coronary thrombi; such a mechanism could account not only for those infarctions in which a thrombus is demonstrated but also for those patients with angiographi-
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of activation of individual platelets in either plateletrich plasma, gel-filtered platelets, or whole blood. In this study, platelet activation was determined by the detection of P-selectin (previously known as GMP-140 or PADGEM14), which is a protein contained in the platelet a-granule membrane that becomes expressed on the surface when this membrane fuses with the platelet surface during the release reaction,15 and association of fibrinogen with the platelet surface, an event that is an activation-dependent precursor of secondary platelet aggregation. 16 
Methods

Preparation of Whole Blood and Platelet-Rich Plasma
Blood was obtained from healthy, nonfasting volunteers who denied cocaine ingestion and who had not taken aspirin within 2 weeks of donation. Blood was collected from a clean antecubital vein via a 19-gauge needle with the use of a light tourniquet. The initial 5 mL of sample was discarded, and the remainder was anticoagulated with 3.8% trisodium citrate (Sigma Chemical, St Louis, Mo) (1:9 dilution). Platelet-rich plasma and platelets washed by gel filtration and suspended in buffer were prepared using standard techniques described previously. 17 22 Rabbit anti-human fibrinogen antibody (RAHFg) was raised in rabbits and purified, as previously described.23 This antibody was then conjugated to FITC (RAHFg-FITC). Because the limited supplies of this antibody were exhausted, a second IgG anti-fibrinogen antibody, raised in goats against human fibrinogen (GAHFg), was used in later experiments to assess platelet fibrinogen binding. GAHFg was also conjugated to fluorescein (GAHFg-FITC) (Atlantic Antibody, Stillwater, Minn). Although both anti-fibrinogen antibodies bound to platelets only after their activation, as described below, their binding characteristics were not identical; therefore, they were used individually in separate sections of this study. No attempt was made to combine results on fibrinogen binding obtained using these different antibodies.
To confirm that antibody binding was specific to platelet activation and did not reflect an artifact of sample processing or microaggregate formation, fluorescence from paired fluorophore-conjugated isotype antibodies that did not bind blood cell antigens were compared with that associated with the activationdependent antibodies. Samples treated with standard agonists and cocaine were labeled, as below, with FITC conjugated anti-fibrinogen antibodies and S12-FITC in parallel with FITC conjugated control antibodies with equal or greater fluorescence-to-protein ratios. Mouse IgG-FITC (Sigma) served as a control for S12-FITC, and rabbit IgG-FITC (Sigma) was the control for RAHFg-FITC. Goat anti-human haptoglobin-FITC (IgG) (Atlantic Antibody) was used to control for GAHFg-FITC.
Flow Cytometric Evaluation of Platelet Activation
Blood cells were labeled with the appropriate antibody using a technique similar to that previously reported."1 After cell fixation with paraformaldehyde, which was used to prevent time-dependent expression of P-selectin and fibrinogen,"1 5 ,L aliquots of blood or platelet-rich plasma were diluted in 50 ,uL aliquots of PBS in duplicate. Although fixation of cells before the addition of antibody has been shown to decrease the amount of epitope detected using this assay,11 preliminary experiments revealed improved consistency of antibody binding to platelets if fixation preceded the addition of antibodies, and thus this sequence was adopted for these experiments. These samples were then incubated with 6D1 at a final concentration of 10 ,g/mL for 20 minutes at room temperature. Next, samples were centrifuged at 800g for 1 minute and washed with 50 ,uL PBS. The duplicate samples were similarly incubated with GAM-PE (24 ,ug/mL), spun, and washed with PBS. Individual samples were then incubated with S12-FITC (30 ,g/mL) or an anti-fibrinogen antibody, RAHFg-FITC (30 gg/mL), or GAHFg-FITC (30 ,g/mL) for 20 minutes at room temperature. Samples then were diluted with PBS to a final volume of 600 ,uL and immediately examined by flow cytometry.
Processed samples of blood, gel-filtered platelets, and platelet-rich plasma were analyzed in a Becton Dickinson FacStar Plus flow cytometer (Becton Dickinson, Braintree, Mass). Fluorescent chromophores were excited with a 5-W argon laser at 200 mW power with a wavelength of 488 nm. FITC and PE fluorescence were detected using 530±11-and 575±11-nm band-pass filters, respectively. To distinguish platelets from other cells and debris, two complementary techniques were used, as previously described.1" A fluorescent threshold was set to analyze only those cells that bound 6D1-GAM-PE, effectively excluding erythrocytes and leukocytes from platelets. The platelet population was further defined by their forward and right-angle light scatter characteristics, and a gate was set around these particles, as has been previously described.11 S12 and RAHFg binding were then determined by analyzing 5000 platelets per sample at a rate of less than 1,000 cells per second. Light scatter and fluorescence data were obtained with gain settings in a logarithmic mode, and data were analyzed with a Hewlett-Packard Consort 30 software package (Palo Alto, Calif). MM), or combinations of epinephrine and cocaine or ADP and cocaine. Platelets were then fixed with paraformaldehyde, as described above. P-selectin expression and fibrinogen binding to the platelet were assayed using S12-FITC and GAHFg-FITC, respectively.
Inhibition of Thromboxane A2 Formation and ADP
To investigate if cocaine-induced release of a-granule products required cyclooxygenase metabolites of platelet arachidonic acid, citrated whole blood was pretreated with aspirin (1 mM) (Sigma) for 30 minutes at room temperature. Donor-paired, citrated whole blood that had been standing at room temperature for the same period of time served as a control for timedependent platelet activation. Thereafter, blood was incubated with standard agonists or cocaine, as described above. S12 and GAHFg binding in the aspirintreated samples were compared with paired controls. Similarly, to investigate if ADP, derived from either platelets themselves or erythrocytes, was necessary for cocaine to induce platelet activation, citrated whole blood was pretreated with the ADP scavenger apyrase (Sigma) (2 units/mL) for 5 minutes. Preliminary experiments using flow cytometry demonstrated that apyrase completely eliminated the ability of ADP to increase P-selectin expression of platelets in whole blood, thus confirming and extending findings with apyrase in whole blood aggregometry studies reported previously. [25] [26] [27] Subsequently, incubation with cocaine and standard agonists followed by flow cytometric determination of S12 binding was performed. 
5-Hydroxytryptamine Uptake
Studies of GC-radiolabeled serotonin (`4C-5HT)
were performed in plasma to assess whether cocaine prevented uptake of serotonin. Aliquots of plateletrich plasma, which were first incubated with control (chlorobutanol solution), cocaine (13 mM), and imipramine (CIBA-GEIGY) ( platelet-associated fibrinogen and surface expression of P-selectin (Fig 1) . Binding of S12, expressed as fluorescence per platelet, increased by 112±24% (P<.001) when blood was exposed to cocaine at 13 mM, 77±12% (P<.001) at a cocaine concentration of 1.3 mM, and 16±16% (P=NS) at a cocaine concentration of 130 ,M (Fig 2, top) (Fig 3) . Platelet-associ- ated fibrinogen binding also increased in a typical concentration-response fashion on exposure to cocaine (Fig 2, bottom) To determine if cocaine-induced platelet activation occurred with a similar frequency in our population of normal donors tested as described, we designated a positive response, or "platelet activation," as mean fluorescence per platelet of more than 3 SDs above the mean fluorescence of unstimulated platelets to which saline and 0.5% chlorobutanol in water had been added. By this criterion, samples from three of six donors demonstrated platelet activation at cocaine concentrations of 10 and 130 MtM, as determined by fibrinogen binding, whereas a cocaine concentration of 13 mM resulted in an increased fibrinogen binding response in four of five donors. Similar results are seen for S12 binding, as platelets from 89% of donors responded to a cocaine concentration of 13 mM. For cocaine concentrations of 10 and 130 MiM, fewer donors were positive (36% and 27%, respectively). Thus, there was notable heterogeneity of response to cocaine among donors, in both quantitative change in S12 or RAHFg binding and the threshold drug concentration to which platelets responded.
To determine whether constituents of whole blood other than plasma contributed to the increased expression of P-selectin on the surface of cocaine-treated platelets, the above results were compared with the stimulation by cocaine of platelets suspended in platelet-rich plasma. Addition of the highest concentration of cocaine (13 mM) resulted in a significant increase in S12 binding, 85±13% (P<.002); at the lower cocaine concentrations, however, no significant difference from
control was observed. Likewise, treatment of gel-filtered platelets with cocaine resulted in a significant rise in S12 binding, 59±7% (P<.001), only at high concentrations (13 mM cocaine). When these results are directly compared with the results in whole blood (Fig 2,  top) it is apparent that P-selectin expression of platelets suspended in buffer (gel-filtered platelets) or plasma (platelet-rich plasma) that results from exposure to cocaine parallels that of platelets in whole blood but that the latter is enhanced. Thus, although very high concentrations of cocaine can directly stimulate P-selectin expression in platelets, other constituents of whole blood enhance the stimulatory effect of submaximal concentrations of cocaine.
As platelets are activated in vivo under circumstances of multiple stimuli, we sought to determine whether cocaine could enhance the stimulatory effects of agonists that mimic physiological mediators likely to be present after cocaine ingestion. Whole blood was incubated with ADP, epinephrine, submaximal concentrations of cocaine, or the combination of cocaine and ADP or epinephrine, as described in "Methods." Enhancement was defined as an increase in mean fluorescence per antibody-labeled platelet induced by the combination of cocaine and agonist that was more than the sum of the increases in mean fluorescence per platelet separately induced by cocaine and the agonist. In all samples (n=4), enhancement in S12 and/or GAHFg binding could be demonstrated. We found variability among donors regarding specific agonists and concentrations; however, the effect of a standard agonist could be reproducibly enhanced by cocaine at submaximal concentrations (10 and 130 MiM). The mean values of these determinations are shown in Fig 4, top and bottom, for P-selectin expression and plateletbound fibrinogen, respectively.
To determine if cocaine-induced a-granule secretion was dependent on metabolites of cyclooxygenase or ADP, whole blood was pretreated with aspirin or the ADP scavenger apyrase and then incubated with cocaine, followed by determination of S12 binding. In no sample (n=4 for each agent) was there a significant difference in S12 binding between aspirin or apyrasetreated platelets and paired controls. Thus, cocaineinduced platelet activation does not depend on ADP or arachidonic acid metabolites.
Cocaine is known to inhibit presynaptic uptake of the amine serotonin in neural tissue. As platelets also imbibe, store, and release significant amounts of serotonin, we sought to establish if cocaine also inhibited its uptake by platelets. Cocaine inhibited`4C-5HT uptake in a concentration-dependent manner (Fig 5) with an IC50 of 8.7 uM. By comparison, imipramine completely inhibited 14C-5HT uptake, and the chlorobutanol control demonstrated no significant effect (84+6% maximum uptake). Discussion The results of this study indicate that cocaine induces release of platelet a-granule contents and the binding of fibrinogen to the platelet surface and thereby implicate cocaine as an agonist capable of activating platelets in whole blood. Control experiments using matched antibodies that do not bind to platelets confirm that the increased fluorescence of platelets is specific for the 30- Significant increases in platelet-associated fibrinogen were demonstrated at a cocaine concentration of 10 ,uM and increased further with higher drug concentrations. Similarly, release of platelet a-granule contents, as measured by S12 binding, revealed a concentrationdependent response to cocaine added to whole blood. Neither Comparisons of the effects of cocaine on platelets in whole blood, gel-filtered platelets, and platelet-rich plasma provide further insight into the interaction of platelets with other blood cells. The extent of P-selectin expression induced by cocaine in our studies is similar to that detected by George and colleagues19 using radiolabeled S12 antibody to detect platelet activation by standard agonists added to human whole blood. Flow cytometric determination of P-selectin expression in washed platelets following maximal stimulation with thrombin as reported by this group has, however, demonstrated a sevenfold increase in epitope expression,32 which is more than that induced by either cocaine or PdBu in our studies. Differences in the platelet medium, as well as variance in the flow cytometric method, including differences in fixation techniques, may account for the lesser degree of P-selectin expression in our experiments. In the direct comparisons reported in this study, the response of platelets to cocaine in whole blood was greater than that of platelets washed by gel filtration or of those suspended in plasma, suggesting that erythrocytes, leukocytes, or other blood cells may amplify platelet activation, a finding that is consistent with platelet activation induced by other stimulants. The presence of erythrocytes can enhance platelet response to standard agonists,12 and neutrophils can also promote platelet activation, an effect that apparently is mediated by leukotriene B4.'3 The association of activated platelets with monocytes both in vitro and in vivo has also been described, although whether either cell type enhances the other has not been established.33-35 Which, if any, of the cells existing in whole blood enhance the effect of cocaine on blood platelets might be established by selective addition of isolated blood components.
This potential of blood constituents to amplify the effect of an agonist emphasizes the usefulness of the method used in these experiments to investigate the effect of cocaine on platelet activation. Previous studies by our laboratory36 and others29 found that cocaine could not directly cause aggregation of platelets suspended in platelet-rich plasma, as assessed by turbidometric methods. The platelet stimulation by cocaine as detected by flow cytometric analysis of individual platelets in whole blood may reflect both greater sensitivity and preservation of intercellular interaction.
The concentration range of cocaine that induces fibrinogen binding and the release of the contents of a-granules and prevents platelet uptake of serotonin is likely to be relevant to the clinical problem of cocaine abuse. Although the most pronounced effect of cocaine on platelet function in these studies is with millimolar concentrations of the drug, our data indicate that significant increases in a-granule release, fibrinogen binding, and inhibition of serotonin uptake are evident at a cocaine concentration of 10 gM.
In addition, this submaximal concentration of cocaine enhances epinephrine-and ADP-induced platelet activation. Cocaine has been shown to increase the systemic concentrations of catecholamines, particularly epinephrine, in animal models.37'38 Thus, platelet activation that may result from this increase in catecholamine activity is likely to be enhanced by cocaine, and together with the direct platelet activation induced by cocaine may represent a potent prothrombotic effect. Serum cocaine levels of 80 1AM have been reported in autopsy studies of patients suffering cocaine-associated sudden death.39 As the drug is rapidly metabolized by serum cholinesterases in vivo,4041 it is probable that premortem serum concentrations in these patients were manyfold higher. Experimental studies of cocaine ingestion in volunteers have revealed serum cocaine levels as high as 50 gM.42-44 Moreover, it also is likely that the local blood concentrations of cocaine in local capillary networks at the site of ingestion, through which platelets circulate, may be manyfold higher than those found in the peripheral circulation.
Because this study demonstrates that cocaine induces platelet activation, one may question why apparently only a minority of those who ingest the drug develop thrombotic consequences. Our data indicate that there is marked individual variability in cocaine's effect on platelets, as samples from fewer than 50% of donors met our criteria for significant release of a-granule products at a cocaine concentration of 10 gM. Thus, one might advance the hypothesis that only a subset of those who ingest cocaine in "lower" amounts will develop significant platelet activation and sustain clinically apparent thrombosis, perhaps facilitated by concomitant states that predispose to activation of platelets or soluble factors of clotting.
Cocaine-induced platelet activation may contribute to cardiovascular disorders other than acute thrombosis. The release of platelet-derived mitogens, including platelet-derived growth factor, epidermal growth factor, and transforming growth factor-p, from platelet a-granules may explain the premature atherosclerosis associated with cocaine abuse,4546 particularly if the endothelium is altered by such use. Similarly, the elevation of local concentrations of vasoactive substances such as serotonin, as a result of diminished uptake, might contribute to the coronary vasospasm described with cocaine administration.47-49 Thus, it is likely that acute vascular disorders associated with cocaine represent the interplay of several pathophysiological pathways rather than resulting from a single cause. Cocaine-induced platelet activation potentially can contribute to many of these processes and may represent a final event leading to the clinical presentation of acute thrombotic occlusion.
